Successful neonatal immunization of humans has proven difficult. We have evaluated CpG-containing oligonucleotides as an adjuvant for immunization of young mice (1-14 days old) against hepatitis B virus surface antigen. The protein-alum-CpG formulation, like the DNA vaccine, produced seroconversion of the majority of mice immunized at 3 or 7 days of age, compared with 0-10% with the proteinalum or protein-CpG formulations. All animals, from neonates to adults, immunized with the protein-alum vaccine exhibited strong T helper (Th)2-like responses [predominantly IgG1, weak or absent cytotoxic T lymphocytes (CTL)]. Th2-type responses also were induced in young mice with protein-CpG (in 1-, 3-, and 7-day-old mice) and protein-alumCpG (in 1-and 3-day-old mice) but immunization carried out at older ages gave mixed Th1͞Th2 (Th0) responses. DNA vaccines gave Th0-like responses when administered at 1 and 7 days of age and Th1-like (predominantly IgG2a and CTL) responses with 14-day-old or adult mice. Surprisingly, the protein-alum-CpG formulation was better than the DNA vaccine for percentage of seroconversion, speed of appearance, and peak titer of the antibody response, as well as prevalence and strength of CTL. These findings may have important implications for immunization of human infants.
Newborns are at risk for exposure to many infectious diseases, yet vaccination generally is not carried out until 2-3 months of age, owing to the immaturity of the neonatal immune system (1) . In particular, B cell responses are weak and preferentially generate IgM͞IgG1 antibody isotypes, and cytotoxic T lymphocyte (CTL) responses are poor (see ref. 2 ). In addition, maternally derived antibodies can interfere with the vaccine (3) (4) (5) (6) . Young mice are useful models to test immunization strategies for newborn humans since their response to protein antigens has similar limitations (7) .
Although it has been thought that immunization early in life would induce immunological tolerance (8) (9) (10) (11) , humoral responses have been induced in newborn mice against a variety of antigens (12) (13) (14) . This recently has been shown to depend on an appropriate dose of antigen (in this case, live virus) for the number of T cells (13) and on antigen being presented in the context of a ''danger signal'' that induces expression of the necessary costimulatory molecules (12) .
DNA vaccines can also effectively immunize young mice, including those born to immune mothers (15) (16) (17) (18) (19) (20) (21) (22) . This is likely because of (i) prolonged antigen expression (23) that persists until the immune system is more mature, (ii) intracellular synthesis of antigen, allowing efficient and appropriate antigen presentation (24) (25) (26) (27) , and͞or (iii) immunostimulatory CpG motifs within the plasmid that provide a ''danger signal'' (28) (29) (30) . CpG motifs have many effects on the innate immune system, including the direct stimulation of B cells to divide and secrete more antibodies and of macrophages and dendritic cells to secrete T helper (Th)1-type cytokines that enhance the generation of antigen-specific responses and increased expression of costimulatory molecules (31, 32) . CpG motifs within DNA vaccines appear to be essential to their function (33, 34) .
CpG-containing oligodeoxynucleotides (CpG ODN) can also induce, in adult mice, potent Th1-like humoral and cell-mediated immune responses against a variety of antigens (29, (35) (36) (37) (38) (39) , and these effects synergize with those of alum (35) . In the present study we evaluate CpG ODN, alone or with alum, to induce immune responses against the hepatitis B virus (HBV) surface antigen (HBsAg) in very young mice. We compare it to alum, which has worked poorly when used with other antigens in early life (7) , and with a DNA vaccine, such as those demonstrated to work in young mice (15) (16) (17) (18) (19) (20) (21) (22) . HBsAg is a strong antigen for which clear, protective surrogate end points are known, and a significant proportion of infants of HBV chronic carrier mothers become infected despite early immunization with current vaccines (40, 41) .
MATERIALS AND METHODS
Vaccines. Protein vaccines contained recombinant surface protein of HBV (S-protein, ay subtype, produced in yeast; Genzyme), hereafter referred to as HBsAg, at a final concentration of 0.05 and 0.02 mg͞ml for pups and adults, respectively. HBsAg was combined with alum (protein-alum; 25 g Al 3ϩ ͞g protein), 10 g CpG ODN (protein-CpG; 10 g CpG ODN 1826 ϭ TCCATGACGTTCCTGACGTT), or alum plus CpG ODN (protein-alum-CpG) as adjuvants, as described previously (35) .
The DNA vaccine, which encoded S (ay) under the control of a cytomegaloviral (CMV) promoter (pCMV-S) (42, 43) , was purified on Qiagen DNA purification columns, redissolved in 0.15 M NaCl at 0.5 and 0.2 mg͞ml for pups and adults, respectively, and stored at or below Ϫ20°C.
Immunization of Young and Adult Mice. BALB͞c mice (Charles River Laboratories) bred onsite were checked daily for births. Immunization was carried out on groups of 5-35 pups aged Ͻ1, 3, 7, or 14 days (larger numbers when immune responses were rare or absent), or 10-15 adults (6-to 8-weekold females, Charles River Laboratories). Pups were weaned and sexes were separated at 3 weeks of age.
All priming immunizations consisted of i.m. injection of either protein (1 g HBsAg Ϯ adjuvants) or DNA (10 g pCMV-S) vaccines. I.m. injection was used for HBsAg-based vaccines since this is how they are administered to humans, and for DNA vaccines because we have found the i.m. route to be the best among 14 different routes in mice (H.L.D., unpublished data). Pups received bilateral injections of 10 l vaccine solution into the thigh muscles (44) . Adult mice were immunized with 50 l into the left tibialis anterior muscle (35, 45) . All mice were bled at 4, 6, 8, 10, and 12 weeks postimmunization by retroorbital puncture. In some instances, mice were ''challenged'' 12 weeks postimmunization with 1 g HBsAg (no adjuvant), then bled 3, 7, 14, and 28 days later.
Evaluation of Immune Responses to HBsAg. Antibodies specific to HBsAg (total IgG, IgG1, and IgG2a) were quantified by ELISA on individual samples (35) . Endpoint titers were defined as the highest plasma dilution that resulted in an absorbance value (OD 450 ) two times greater than that of nonimmune plasma, with a cut-off value of 0.05, and seroconversion was defined as a dilution titer Ն100. The relationship between endpoint titers and those in milli-international units͞ml (mIU͞ml), as defined by the World Health Organization, was determined to be very close to 1:1 by comparing a panel of mouse plasma against human-derived standards (Monolisa Anti-HBs ''Standards,'' Sanofi Diagnostics Pasteur, Montreal, Canada) using a non-species-specific conjugate (Monolisa Anti-HBs Detection Kit, Sanofi Diagnostics Pasteur). A titer of 10 mIU͞ml is considered protective against HBV infection in humans (46, 47) . For determination of IgG2a͞ IgG1 ratios, antibody-negative sera were assigned a value of one-half the lowest dilution assessed; in most cases this was a value of 5. CTL responses were evaluated 2 or 12 weeks postimmunization. Mice were given in vivo restimulation (1 g HBsAg) 3 days before sacrifice, and recovered splenocytes were given 5 days of ex vivo restimulation with a congenic HBsAgexpressing cell line. These same cells served as target cells in the chromium release CTL assay, which was carried out as described previously (48) . Control mice received no priming immunization but only HBsAg 3 days before sacrifice.
Statistical Analysis. Antibody titers against HBsAg (anti-HBs) were expressed as group geometric means Ϯ SEM of individual animal values, which were the average of duplicate or triplicate assays. The significance of differences between values was determined by Student's t test (for two groups) or one-factor ANOVA followed by Tukey's multiple-range testing (for three or more groups) on logarithmic-transformed data, with P Ͼ 0.05 being considered not significant (INSTAT, Graphpad Software, San Diego).
RESULTS
Seroconversion. DNA was the only immunogenic vaccine in 1-day-old mice, resulting in anti-HBs (titer Ն100) in 53% of mice by 12 weeks postimmunization ( Fig. 1) . In 3-day-old mice, the rate of seroconversion was still zero for protein-CpG, but was about 10% higher than at 1 day for each of the DNA and protein-alum groups. In contrast, there was a dramatic improvement in the immunogenicity of protein-alum-CpG in 3-day-old mice (75%), and this reached 100% by 7 days. By this time, seroconversion rates were improved for the other three vaccines, with antibodies appearing for the first time in protein-CpG-immunized mice (11%). All vaccines were immunogenic in 100% of 14-day-old or adult (not shown) mice.
Mice immunized at 1 or 3 days that failed to seroconvert (titer Ͻ10) were ''challenged'' at 12 weeks with HBsAg without adjuvant, and all mice developed anti-HBs antibodies (not shown). This indicates that administration to young mice of doses of antigen appropriate to induce immune responses does not induce permanent tolerance, limiting further vaccine responses. In most mice (26͞37), the kinetics and magnitude of the response were typical of a primary response in adult mice (i.e., seroconversion not detected until 14-28 days and titers generally Ͻ1,000 by 28 days). However, in some animals (11͞37) there was a clear anamnestic response with more rapid appearance of higher titers of anti-HBs than in adult controls, indicating that a humoral response had, in fact, been primed (seroconversion first detected by 7 days and titers usually much more than 1,000 by 14 and 28 days). Comparison of vaccine groups showed the highest rate of anamnestic response (67%) with protein-alum-CpG (6͞9), half as many (33%) with protein-alum (3͞9) or DNA (2͞6), and none with protein-CpG.
Kinetics and Magnitude of Anti-HBs Response. The rate of appearance of antibodies was about 2 weeks slower in very young than in 14-day-old and adult mice for all vaccine formulations (Fig. 2 ). This may result from a later initiation and͞or a longer period for antibodies to develop, both of which are compatible with the immaturity of the young immune system.
Peak titers varied with the vaccine formulation and age of immunization. With all protein-based vaccines, peak titers were proportional to age. In contrast, peak titers were similar for all ages with the DNA vaccine (albeit more slowly developing in younger mice), suggesting that antigen expression from the DNA vaccine likely continued until the immune Mice were immunized at Ͻ1, 3, 7, or 14 days after birth, and plasma taken at 12 weeks postimmunization was assayed for anti-HBs by endpoint-dilution ELISA assay. The fraction of mice exhibiting an anti-HBs endpoint-dilution titer Ͼ100 for any treatment is listed above the bar for that treatment.
system was capable of full adult-like responses (i.e., Ͼ2 weeks). Highest geometric mean titers were attained with proteinalum-CpG vaccine when compared with other vaccine formulations, and this was significant at 3 and 14 days and in adults (P Ͻ 0.05) (Fig. 2) .
Antibody Isotype Profiles. Different IgG antibody isotypes were used to evaluate the type of Th response, with a predominance of IgG2a or IgG1 antibodies indicating a Th1-or Th2-like response, respectively. At all ages, protein-alum gave clear Th2 responses with virtually no IgG2a. In contrast, both protein-CpG and protein-alum-CpG induced a Th2 response at the earliest age at which responses could be induced (7 and 1 days, respectively), but a mixed Th1͞Th2 (Th0) response in older mice, including adults. Finally, DNA vaccines gave Th0 responses in mice even as young as 1 day old and, by 14 days, gave the adult-like Th1 response (Table 1) . It is notable that in CpG groups with Th0 responses, mice had either predominantly IgG1 or IgG2a isotypes of anti-HBs, but those with the more Th1-like responses had very high IgG2a-to-IgG1 ratios, such that the group mean was also high.
Cell-Mediated Immunity. CTL induction is another element of cell-mediated responses that is suboptimal in early life. Potent CTL were detected in all four mice immunized with proteinalum-CpG at 7 days of age, with 74% specific lysis at an effector-to-target cell ratio (E͞T) of 50:1 (Fig. 3) . In contrast, only weak CTL (Ϸ20% lysis at 50:1) were detected in one of four protein-alum treated mice and two of four DNA-immunized mice. However, CTL activity evaluated 12 weeks after immunization was similar for DNA and protein-alum-CpG vaccines (not shown). This agrees with an earlier report of slowly developing CTL after DNA-based immunization of young mice (21) . No CTL were induced within 7 days by protein alone, indicating that in vivo protein restimulation could not account for CTL detected. Surprisingly, CTL were detected (12 weeks later) in some mice immunized as young as 1 or 3 days of age not only with the DNA vaccine (maximal lysis of 40-60% at E͞T of 1:100 in three of nine mice) but also with protein-alum-CpG (25-55% in two of six) and protein-alum (30-45% in 3 of 17) vaccines. To our knowledge this is the youngest age reported for induction of CTL in mice with a protein vaccine. Mice were immunized at Ͻ1 day (F), 3 days (E), 7 days (s), or 14 days (ᮀ) after birth, or as adults (OE). Each point represents the group geometric mean for all seroconverted animals (endpoint titer Ͼ100) within that group. Titers of anti-HBs antibodies (total IgG) are expressed as the highest plasma dilution that resulted in an absorbance value (OD450) two times greater than that of nonimmune sera, with a cut-off value of 0.05. 
DISCUSSION
It is generally accepted that it is more difficult to successfully immunize newborns than adults because of insufficient number and͞or maturity of immune cells (see ref.
2). Thus, vaccination of newborn humans has been limited to specific situations such as bacillus Calmette-Guérin, poliomyelitis, or hepatitis B. Although direct comparison of immune maturation between mice and humans is difficult, the immune system is less mature in newborn mice than in humans. For example, tolerance can be induced during the first week of life in mice, whereas true immunological tolerance cannot be induced in humans after birth. As such, newborn mice are a good model to test the limits of early-life immunization. After birth, the maturation process is significantly more rapid in mice (3-4 weeks) than humans (12-24 weeks). Analysis of the progressive acquisition of immune responses to protein and polysaccharide antigens suggests that the stage of immune maturation of 7-day-old mice best approximates human newborns (C.-A.S., unpublished data). In the present study, we have evaluated CpG DNA for its ability to induce antigen-specific humoral and cell-mediated immune responses in mice at various stages of their immune maturation. Seroconversion in a significant proportion (Ͼ40%) of mice was detected with immunization at Ͻ1 day for the DNA vaccine, 3 days for protein-alum-CpG, and not until 14 days for proteinalum and protein-CpG. A similar hierarchy of responsiveness was observed for CTL responses. We interpret these findings to indicate that the murine immune system cannot optimally respond to antigen until 7 days of age (12, 49) . Successful immunization at 7 days or younger could be attributed to factors that (i) ensured antigen remained available to the immune system until it was mature enough to respond and (ii) provided sufficient stimulation to antigen-presenting cells (APC). Among the protein vaccines, successful immunization on or before 7 days only occurred with the formulation containing both alum, which delays antigen clearance, and CpG ODN, which enhances antigen presentation (50) . The importance of the depot effect of alum is consistent with the finding that protein-CpG is superior to protein-alum in adult mice (35) , but not in mice up to 14 days of age. Furthermore, the earlier success with protein-alum-CpG than with protein-alum (where presumably the depot effects would be equal) indicates the importance of immunostimulatory effects of CpG motifs in young mice. With DNA vaccines, the early success can be attributed to both contained CpG and prolonged antigen expression, but efficient antigen presentation likely plays a role as well. An indication of this is that responses induced in young mice by 10 g of DNA vaccine, where only nanogram quantities of antigen are expressed and not all CpG motifs are optimal, are almost as good as those with 1 g protein and 10 g CpG ODN (with alum).
In young mice, the protein-alum-CpG vaccine generally induced stronger and͞or faster antibody and CTL (assayed 2 weeks postimmunization) responses than the other vaccine approaches. However, differences were partly kinetic since CTL responses detected 12 weeks after immunization were similar to those from protein-alum-CpG and DNA. Possibly the greater number of CpG motifs with CpG ODN than plasmid DNA may induce CTL more rapidly at young ages. The ability of DNA vaccines to induce CTL in adults has been linked to CpG motifs in the plasmid backbone (34, 51) . Remarkably, CTL were induced in some mice immunized with protein-alum-CpG and DNA at less than 1 day of age. Previous studies have shown induction of CTL in young mice by DNA vaccines (18, 21) , but our report demonstrates this with a protein vaccine. Furthermore, we report CTL responses in splenocytes recovered from mice as young as 3 weeks of age. It should be noted that while CpG-alum is an effective adjuvant combination for inducing CTL against HBsAg in young mice, this *Groups of mice were immunized with either 10 g pCMV-S, or 1 g HBsAg ϩ 25 g Al 3ϩ (as Al2O3; protein-alum) or 10 g CpG ODN (protein-CpG), or alum plus CpG ODN (protein-alum-CpG), on the day after birth indicated (or as 6-to 8-week-old adults). Ten to 12 weeks postimmunization, plasma from individual mice was assayed for IgG1-and IgG2a-specific anti-HBs antibodies. The number of mice with detectable IgG isotype responses (endpoint titer Ͼ100) as a fraction of the number of mice assessed (this was sometimes less than those with total IgG), as well the number of those with predominantly IgG1 or IgG2a response, is indicated. † Plasma from individual mice was assayed in duplicate for IgG1-and IgG2a-specific anti-HBs antibodies. The mean IgG2a͞IgG1 ratio is indicated. This was derived from all animals with detectable responses for at least one isotype and where only one isotype was detected; the other was assigned a value of one-half the lowest dilution assessed (usually 5). ‡ The IgG2a͞IgG1 ratio was used as an indicator of either a predominantly Th1 (IgG2a Ͼ Ͼ IgG1), predominantly Th2 (IgG1 Ͻ Ͻ IgG2a), or a mixed Th1͞Th2 (Th0, IgG1 Ϸ IgG2a) response (Th0, 0.5 to 2.0). Groups where some animals were more Th1 and other animals were more Th2 were also classified as Th0.
antigen self-assembles into virus-like particles, and CTL may not be induced in the case of other, less structured forms of proteins.
Consistent with a less mature immune system, responses in young animals differed both quantitatively and qualitatively from those in adults. Quantitative differences included a slower rate of appearance of antibodies and lower peak titers, except for DNA vaccines where all ages had similar peak titers, in agreement with other reports (17, 52, 53) . The relatively high titers at young ages with the DNA vaccine probably are related to the longevity of antigen expression and efficient antigen presentation. CTL, when induced, were equally strong in young and adult mice.
Qualitative differences related to Th1͞Th2 profiles. The Th2 bias of the immature immune system is thought to be a result of antigen presentation by APC with inadequate costimulation, different functioning of T cells upon antigen stimulation, lower efficiency of neonatal APC, and fewer T cells and APC (17, 19, (52) (53) (54) . As such, antigen load, antigen persistence, and ''danger signals'' that induce costimulatory activity can have an influence (12, 55) . For example, protein vaccines that contain excess antigen for the relatively few professional APC (i.e., dendritic cells) in the immature immune system can result in antigen presentation by unactivated B cells that induces Th2-like responses. The Th1 influence of CpG cannot be detected with the protein-CpG vaccine until the immune system is fairly mature (i.e., 14 days). Despite the fact that alum typically reinforces the Th2 bias, the CpG in the protein-alum-CpG vaccine can induce a more Th1-like response in mice as young as 3 days, presumably because it capitalizes on the depot effect of alum to retain antigen until the immune system matures. DNA vaccines appear to overcome the strong Th2 bias of the immature immune system (even in neonates), and this is likely because of a combination of their CpG content, expression of small amounts of antigen (less non-APC presentation), and efficient presentation of that antigen by virtue of direct transfection of APC. Further research is required to elucidate the exact mechanisms contributing to the Th-related responses observed after immunization of young mice.
CTL are associated with Th1-type antibody responses in adults, and this has also been noted in early life. However, in some mice immunized at 7 days with protein-alum, which elicits predominantly IgG1 (Th2) antibodies, we did see CTL. This agrees with previous observations of coexistence of CTL and Th2 responses in young mice (49, 56) . It is possible that the Th1 cytokine threshold for induction of CTL in young mice is lower than that for isotype switching to IgG2a antibodies, although further studies will be required to confirm this. It is noteworthy that very high titers of antibody can accompany a Th1-like response, contrary to the notion that Th1 responses are better suited for cellular immune responses than for antibody responses.
Mice failing to seroconvert after early-life vaccination showed one of two responses after adulthood challenge with HBsAg without adjuvant. Some had anti-HBs titers similar to those of adult controls that were administered a single dose of HBsAg, indicating that they had remained naïve. Others had higher titers than adult controls, indicating that they had been primed. None had titers lower than adult controls, indicating that permanent tolerance had not been induced. There has been concern that DNA vaccines might induce tolerance since antigen is expressed for a prolonged period. Despite a single report of DNA vaccine-induced tolerance in young mice (57), our results corroborate a growing body of evidence showing that even neonatal (i.e., 1-day-old) mice can be immunized successfully using DNA (13, (15) (16) (17) (18) (19) (20) (21) (22) . We have not detected any adverse effects with CpG ODN in very young mice (present study), in infant nonhuman primates or in high-dose toxicity studies in adult rats and rabbits (H.L.D., unpublished data).
The findings of the present study have important clinical relevance as there is a clear need for vaccines that are effective in newborns and infants, and particularly those that can induce cell-mediated immunity, which is crucial for the prevention or control of many diseases commonly afflicting neonates. DNA vaccines have been shown to induce good cell-mediated immunity, but safety concerns may delay their use for prophylactic immunization of babies and young children. We show that a protein-alum-CpG formulation induces more Th1-like immune responses (Th0-Th1) in young mice and is superior to a DNA vaccine for kinetics and strength of both humoral and cellmediated immune responses. Although best results were obtained in combination with alum, CpG ODN alone could be used as an adjuvant with vaccines for which it is not possible to use alum (i.e., live attenuated vaccines such as measles virus and measles recombinant canarypox vaccines; ref. 58) . CpG ODN could allow vaccine administration at a younger age with increased efficacy. Also, the possibility to induce Th1 responses may help reduce the incidence of Th2-related diseases such as asthma, which, in developed nations, has been linked to the reduced incidence of bacterial infections (59) .
Cell-mediated responses are not necessary for prophylactic vaccination against HBV; however, they may be beneficial to certain babies born to chronic carrier mothers. As many as 80-95% of infants born to mothers positive for both HBsAg and HBeAg (hepatitis B e antigen) become chronic carriers with a greatly increased risk of developing cirrhosis and hepatocellular carcinoma (41, (60) (61) (62) (63) . Even with active vaccination and passive immunization using anti-HBs IgG, 5-10% of such infants (16% in one study) still become chronically infected (40, 41) . These failures are possibly cases with transplacental rather than perinatal infection, and they may benefit from a vaccine that induces Th1-like responses (64) . Evidence that CTL and, in particular, the Th1 cytokines they secrete may play an important role in preventing or overcoming the chronic carrier state have been provided by numerous studies by Chisari (see ref. 65 ).
It remains to be seen whether the promising results obtained in mice will hold true in humans. It is encouraging, however, that two chimpanzees immunized with a DNA vaccine on the day of birth were protected from subsequent challenge with hepatitis B (66).
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